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Abstract 

The relationship between diffusion and phase diagram is discussed in more detail for Ag-Au 
and Au-Ni alloys. For each alloy tracer diffusion and interdiffusion data have been compared 
with the corresponding phase diagram. 

Tracer diffusion is related to the solid-liquid phase transition. Ag and Au tracer diffusivities 
D*(x) in Ag-Au alloys and melting temperature 7’,,,(x) of Ag-Au show opposite curvatures. The 
same holds for D* of Au and Ni in Au-Ni alloys and indicates a vacancy diffusion mechanism. 

Interdiffusion depends on the critical temperature of the solid-solid phase transition of the 
phase diagram. The curvature of interdiffusivity D(x) is determined by the sign of T,(x) or the 
interaction energy E of the regular alloy. The calculations agree well with the experimental data. 

Keywords: Ag-Au alloy; Au-Ni alloy; Interdiffusion; Melting temperature; Phase diagram; 
Tracer diffusion; Vacancy diffusion 

1. Introduction 

Recent developments in thin film technology and multilayer structures have led to an 
increased interest in interdiffusion of alloys [l-3]. Thin films produced by molecular beam 
epitaxy as well as metal contacts may become unstable or deteriorate, owing to interdiffu- 
sion, if the films are exposed to high temperatures during manufacturing processes. 

It is the object of this paper to discuss the close relationship between diffusion and 
phase diagrams and to compare tracer and interdiffusion data with the phase diagrams 
of the two binary alloys Ag-Au and Au-Ni, as these alloys mix in the complete range of 
composition. 

* Corresponding author. 
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2. Diffusion and interdiffusion 

Diffusion in alloys is always an interdiffusion of all the atoms of the solid and 
depends on the tracer diffusivity of each component. The models of tracer diffusion and 
interdiffusion in binary alloys are well established in the literature [448]. At a concen- 
tration x of component B the coefficient D(x) ofinterdiffusivity in a binary alloy is given 

by PI 
w = {XWX) + (1 - Wg*(X))Y(4 
D(x) = 0; in *(X) x << 1 

D(x)= DiinB(x) x E 1 (1) 

Interdiffusion depends on the tracer diffusivities D:(x) and D;(x) of the components 
A and B, as well as on the thermodynamic factor y(x). 

At small concentrations of component B, x will be close to x = 0 and the ther- 
modynamic factor equals unity, y(x) = 1. Interdiffusion will then be equivalent to 
impurity diffusion of tracer B in the nearly pure A metal. For very large concentrations, 
x will be close to x = 1, y(x) again equals one and interdiffusion is equal to impurity 
diffusion of tracer A in the nearly pure B metal. At all other concentrations, x, 
interdiffusion is equivalent to an effective impurity diffusion. 

3. Tracer diffusion 

Tracer diffusion is the diffusion of a single (radioactive) tracer in the matrix of an 
alloy and will depend on its composition. Fig. 1 shows tracer diffusion data of Au and 

Ag-Au tracer diffusion 
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Fig. 1. Tracer diffusion of Ag and Au in Ag-Au alloys as a function of composition x. Data points from 
Ref. 193, solid line according to Eq. (7). 
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Ag in Au-Ag alloys [9] at 9OO”C, x is the concentration of component B ( = Ag). The 
tracer diffusivity 02 of a tracer A (Au) is equivalent to selfdiffusion for x = 0 (no 
B atoms) and equivalent to impurity diffusion of Au in Ag for x --+ 1. Tracer diffusivity 
0: of a tracer B (Ag) is equivalent to selfdiffusion for x = 1 (no A atoms) and equivalent 
to impurity diffusion of Ag in Au for x + 0. 

0: is determined by 

D:(x) = D&(x) exp (- kXWh~) (2) 

D&,(x) is the pre-exponential factor of tracer A diffusion, hi(x) is the enthalpy of 
diffusion and k, the Boltzmann constant. The diffusivity of tracer A may then be 
written in terms of the free enthalpy g:(x), 

d(x) = - k, 7-h C~%W~,(O)1 
= Q(x) - $(x)/k, 

Km = Q,(x) + &(x) 

W) = k, ln C%Jx)lD~,(O)l 

(3) 

h:(x) is the enthalpy, s:(x) the entropy of diffusion of tracer A. The entropy may be 
obtained by extrapolating tracer diffusivities for different temperatures at constant 
composition x. The enthalpies of motion h:,(x) and of defect formation h&(x) may not 
be separated without further experiments. 

In the analysis of data we have used a second order approximation for g:(x) for each 
tracer: 

= h:(O) - x(k,Tln [D~(l)/D~(O)]} + x(1 - x)Agi, (4) 

The data for tracer diffusion of silver and gold have been fitted (solid lines) according to 
Eq. (4) by the same fitting parameter Agt = 0.14eV for both tracers Ag and Au with 
good agreement of data and calculations. Fig. 2 shows tracer diffusion data in Au-Ni 
alloys at 900°C [lo]. The data for tracer diffusion of gold and nickel have again been 
fitted (solid lines) according to Eq. (4) with good agreement; the upper line is for Au and 
the lower line is for Ni. The calculated values are Agz = - 0.8 eV for Au and 
Agz = - 1.2 eV for Ni. 

If the enthalpy of defect formation is the same for both tracers, we have h&(x) = 
h&(x) = h:(x). This will lead to similar values for Agz for both tracers, as is indeed 
observed in Ag-Au as well as in Au-Ni. In both alloys the tracers seem to be governed 
by the same diffusion mechanism. 

4. Phase diagram and tracer diffusion in regular solutions 

Alloys like Ag-Au and Au-Ni mix in the complete range of composition and we may 
in most cases expect the same diffusion mechanism for both tracers. Especially for 
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Au-Ni tracer diffusion 
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Fig. 2. Tracer diffusion of Au and Ni in Au-Ni alloys as a function of composition x. Data points from 
Ref. [lo], solid line according to Eq. (7). 

a vacancy mechanism the concentration of vacancies will be the same for both tracers: 

+(x) = exp (- V(.W,~) (5) 

Metals have, in general, a vacancy concentration close to 10e4 at the melting point. 
This leads to a close relationship between melting temperature T, and enthalpy of 
vacancy formation, 

h:(x) = 4 In 10 x k, T,,,(x) (6) 

The diffusivities of both tracers will then depend on the melting curve T(x) of the 
phase diagram. Fig. 3 shows the phase diagram of AggAu at the melting point. T,,, splits 
into the solidus and the liquidus line; we may define a mean value of the melting curve, 
T,(x) = 1,‘2{T, + T,j. 

Tracer diffusion will then depend on the melting curve T,(x), 

In D;(x) = In D,&(x) ~ /&(x)/k, T - 4 In 10 x T,,,(x)/T} (7) 

The negative curvature of T,,,(x) of Ag-Au in Fig. 3 contributes to a positive 
curvature A& = 0.14eV for both tracer diffusivities In D;,(x) and In D:,(x) in Fig. 1. 
This indicates that Ag and Au diffuse by a vacancy mechanism in Ag-Au alloys. 

On the other hand the positive curvature of T,,,(x) of Au-Ni in Fig. 4 contributes to 
the negative curvatures Agf = - 0.8 eV for In D:,(x) and AgT = - 1.2 eV for In D&(x) in 
Fig. 2. This indicates that Au and Ni also diffuse by a vacancy mechanism in Au-Ni 
alloys. 

Apparently, in alloys with a vacancy diffusion mechanism the curvature of the mean 
melting curve T,,,(x) generally contributes to the opposite curvature of tracer diffusion 
for both tracers. 
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AS-Au Phase diagram 
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Fig. 3. Phase diagram of Ag-Au; after Ref. [ 121. 

Au-Ni Phase diagram 
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Fig. 4. Phase diagram of Au-Ni; after Ref. [12]. 

5. Phase diagram and interdiffusion in regular solutions 

Interdiffusion-Eq. (1)-depends on the thermodynamic factor v(x). For regular 
alloys this factor is given by the free enthalpy of mixing [ 1 l] 

y(x) = x( 1 - x)@‘g( r, x)/8x2)/k, T (8) 

For many binary alloys the model of regular solutions is a good approximation and 
may be used to calculate the thermodynamic factor y(x) as well as the phase diagram 
T(x). 
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The free enthalpy g(x) of mixing in regular binary solids will be 

g(x) = ex[(l - x) - 6x(1 -4x/3)] + k,T[.uln x + (1 -x) In (1 - x)] (9) 

B is the energy of interaction in binary solids, 6 is an asymmetry factor of the phase 
diagram. 

The phase diagram T,(x) of the binary alloy is calculated from 

0 = Sg( T, x)/h (10) 

T,(x) = ~(1 - 2x)( 1 - 26x)/[k,(ln (1 - x) - In x)] (11) 

T yx = @k, (12) 

In phase diagrams with symmetry in respect of composition, TFax is the maximum of 
the critical temperature, above which the tracer atoms will mix at any composition x. 
Because of asymmetry TFax may be modified by 6 according to Eq. (11) and may only 
be taken from the fit for the phase diagram. 

Fig. 5 shows the phase diagram T,(x) for Au-Ni alloys for the solid ~-LX phases of 
Fig. 4 in more detail. The data points according to the phase diagram [ 121 have been 
fitted with Eq. (6) by the two parameters T;Pax = 813 K and fi = - 0.25. 

In Fig. 3 the phase diagram T,(x) for AggAu alloys [12] shows an ordered 
AggAu phase for low temperatures at x = 0.5. This indicates an attractive parameter 
E or a negative value for TF’. Because of this symmetry the asymmetry factor 
is 6 = 0. 

6. Interdiffusivity D(x) 

We may now calculate the interdiffusivity of Ag-Au and Au-Ni alloys. According to 
Eqs. (l)-(12) the coefficient of interdiffusion D(x) will be a function of composition 

Phase Diagram of Au-Ni 
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Fig. 5. Solid solid phase diagram of AwNi; data from Ref. [12], solid line according to Eq. (11). 
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x and temperature T: 

D(x)= {xDi(x)+(l -x)DR*(x)} x (1 -4[l +6(1 -4x)1x(1 -X)TYX/T) (13) 

with 

D:(x) = D:(O) exp {x{ k, Tln [Oi( 1)/D:(O)]} - hi(O) - x( 1 - x)Agz, ) 

and 

D;(x) = D,*(O)exp {x{k, Tln [Og(l)/O;(O)]) -h,*(O) - x(1 - x)Ag,*,) 

Fig. 6 shows interdiffusion data (squares) in Au-Ni alloys [lo] for the annealing 
temperature Ti = 900°C. Interdiffusivity D(x) calculated according to Eq. (13) is in- 
dicated by the solid line. The parameters have been taken from the tracer diffusion data 
of Fig. 2 and the phase diagram in Fig. 5. The calculations for interdiffusion agree well 
with the data [lo]. 

In Fig. 6 the curvature of interdiffusion D(x) is mainly negative because of the 
negative curvature of the tracer diffusivities D:,(x) and 0$(x). However, at x = 0.7 the 
interdiffusivity D(x) shows a positive curvature because of the solid ~(-a’ phase 
transition in Au-Ni. In Fig. 5 the experimental critical temperature at x = 0.7 is nearly 
1100 K. This is close to the annealing temperature T, = 900°C = 1173 K. At this point 
the phase diagram will affect interdiffusion: a positive value of c or a positive ,Fx will 
contribute to a positive curvature of D(x). Despite the strong negative curvature of the 
tracer diffusivities D:,(x) and D&(x), in Fig. 6 interdiffusion shows a positive curvature 
at x = 0.7. Interdiffusion will be zero at the spinodale, which is determined by 

0 = Pg( T, x)/8x2 (14) 

Au-Ni lnterdlffusion at 900’ C 
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Fig. 6. Interdiffusion of Au-Ni alloys as a function of composition x. Data points from Ref. [lo], solid line 
according to Eq. (13). 
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AgAu Interdiffusion at 900’ C 
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Fig. 7. Interdiffusion of Ag-Au alloys as a function of composition x. Data points from Ref. [9], solid line 
according to Eq. (13). 

Diffusion below the critical temperature T,(x) will lead to a negative interdiffusivity. 
On the other hand, an attractive parameter E or a negative TTax will contribute to 

a negative curvature for interdiffusion D(x), as shown for Ag-Au alloys in Fig. 7. The 
solid line represents the calculation of interdiffusivity D(x) from tracer diffusivity and 
the phase diagram according to Eq. (13), and agrees well with the experimental data 
[9]. The calculations for a negative TFx = - 400 K or a negative (attractive) parameter 
E lead to negative curvature of interdiffusivity D(x) despite the positive curvature of 
D&(x) and D:,(x) tracer diffusion in AggAu alloys. 

7. Conclusions 

The agreement of data for tracer diffusion and interdiffusion with phase diagram 
calculations according to the model of regular alloys is quite satisfying and may lead to 
further applications in binary and pseudobinary semiconductors. 
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